Developing an effective anthrax vaccine that can induce a rapid and sustained immune response is a priority for the prevention of bioterrorism-associated anthrax infection. Here, we developed a recombinant replication-deficient adenovirus serotype 5-based vaccine expressing the humanized protective antigen (Ad5-PAopt). A single intramuscular injection of Ad5-PAopt resulted in rapid and robust humoral and cellular immune responses in Fisher 344 rats. Animals intramuscularly inoculated with a single dose of 10 8 infectious units of Ad5-PAopt achieved 100% protection from challenge with 10 times the 50% lethal dose (LD 50 ) of anthrax lethal toxin 7 days after vaccination. Although preexisting intranasally induced immunity to Ad5 slightly weakened the humoral and cellular immune responses to Ad5-PAopt via intramuscular inoculation, 100% protection was achieved 15 days after vaccination in Fisher 344 rats. The protective efficacy conferred by intramuscular vaccination in the presence of preexisting intranasally induced immunity was significantly better than that of intranasal delivery of Ad5-PAopt and intramuscular injection with recombinant PA and aluminum adjuvant without preexisting immunity. As natural Ad5 infection often occurs via the mucosal route, the work here largely illuminates that intramuscular inoculation with Ad5-PAopt can overcome the negative effects of immunity induced by prior adenovirus infection and represents an efficient approach for protecting against emerging anthrax.
B
acillus anthracis, the causative agent of anthrax, is a Grampositive spore-forming bacterium. It has two main virulence factors, the poly-gamma-D-glutamic acid (PGA) capsule, which protects the bacilli from complement fixation and phagocytes (1) , and the tripartite exotoxin composed of protective antigen (PA), lethal factor (LF), and edema factor (EF) (2) . Because the highly toxic strains of B. anthracis are easy to obtain, culture, and mass produce, and their highly stable spores can be stored for a long time, anthrax became one of the earliest biological warfare agents (3, 4) . In view of the potential threat of anthrax from bioterrorism and biological warfare, developing rapid and efficient medical countermeasures remains a national priority.
A number of antibiotics, such as ciprofloxacin and doxycycline, are very effective at eliminating vegetative B. anthracis but have limited effects on antibiotic-resistant spores (5) . Vaccination with an anthrax vaccine is the best strategy for preexposure and postexposure prophylaxis. Due to its central role in virulence, PA has been the principal target for the development of vaccines against anthrax (6) (7) (8) . The first generation of such vaccines included Anthrax Vaccine Adsorbed (AVA) (BioThrax) in the United States and Anthrax Vaccine Precipitated (AVP) in the United Kingdom (6) . Although they provide good protection in various animal models and are readily tolerated in humans (9) , multiple doses are required over a protracted period to achieve adequate levels of protective immunity, making these vaccines less than optimal for use in response to a bioterrorism incident. A second generation of vaccines based on highly purified recombinant PA (rPA) are under development. However, the immunogenicity and potency of these well-defined and homogeneous rPAbased vaccines are similar to those of AVA and AVP (10) . Therefore, developing a more efficacious vaccine that can confer rapid and robust immunity against B. anthracis in a biological emergency incident is imperative. Viral vectors can be used to express proteins from pathogens for immunization against infectious diseases (11) . Due to their safety, ease of manipulation, and capacity to elicit potent innate and adaptive immune responses by achieving high levels of transgene expression, recombinant adenoviruses (Ad) have been widely applied as gene transfer vehicles for vaccines (12) . They have been extensively tested in several preclinical and clinical studies for a number of infectious diseases, including Ebola virus, Marburg virus, and human immunodeficiency virus 1 (HIV-1), (13) (14) (15) . Although the high prevalence of neutralizing antibodies to Ad in the human population has the potential to limit the effectiveness of Ad-based vaccines, several strategies have been developed to circumvent the anti-vector preexisting immunity (PEI) (16) . In animal models, Ad-vectored vaccines can confer rapid and more robust protection against live pathogens than other types of vaccines (12) . Thus, Ad is an attractive vector candidate for an anthrax vaccine.
In this report, we describe the development and testing of an Ad vector-based vaccine candidate containing a full-length codon-optimized PA gene. The immunogenicity of the vaccine in the presence of PEI to the Ad5 vector is also discussed. The results demonstrate that a single intramuscular injection with the vaccine Antibodies against PA. Anti-PA antibodies were quantified by enzyme-linked immunosorbent assay (ELISA) and toxin-neutralizing assay (TNA). For ELISA, flat-bottomed 96-well plates were coated with 100 l of purified PA protein at a concentration of 2 g/ml at 4°C overnight. The plates were washed, blocked with 2% bovine serum albumin (BSA) for 1 h at 37°C, and washed again two times with washing buffer (PBS plus 0.1% Tween 20) . Serial dilutions of blood serum or lung lavage fluid (100 l per well, 1:2 dilution) starting at the indicated dilution were added to each well and incubated for 1 h at 37°C. The plates were washed four times, and 100 l/well of HRP-conjugated anti-mouse IgG, IgG1, IgG2a, IgM, or IgA antibody was added and incubated for 1 h at 37°C. After washing four times, the plates were incubated with 100 l/well of 3,3=,5,5=-tetramethylbenzidine (TMB) substrate (Merck KGaA) for 5 min to develop the color reaction. The reaction was stopped with 50 l of 2 M H 2 SO 4 , and the absorbance at 450 nm was measured with a microplate reader (Bio-Rad, Hercules, CA). Secondary antibodies to IgG, IgM, and IgA were obtained from Santa Cruz Biotechnology, while antibodies to IgG1 and IgG2a were obtained from Abcam (Cambridge, United Kingdom). Antibody titers were calculated using a log optical density-log dilution interpolation model and a cutoff value equal to 2-fold the absorbance of the background.
The TNA was carried out using J774A.1 cells, as previously described (17) . The cells were planted in flat-bottom 96-well cell culture plates at a concentration of 3.5 ϫ 10 4 cells/well and incubated for 24 h at 37°C. Serum or lung lavage samples from immunized mice or rats were 2-fold serially diluted in culture medium with 50 ng/ml of rPA and 40 ng/ml of recombinant LF (rLF) and incubated for 30 min at 37°C. Medium from cells in 96-well plates was aspirated and replaced by the serum-rPA-rLF mixture at 100 l/well. The cells in the control wells were incubated with 100 l of medium only, rPA only, rLF only, or rPA plus rLF without serum. After 4 h of incubation at 37°C, 25 l of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (5 mg/ml) (Merck KGaA) was added to each well. The cells were incubated for 1 h at 37°C and lysed with MTT lysing buffer (0.5% [wt/vol] SDS, 90% [vol/vol] isopropanol, 25 mM HCl) after the medium was discarded. The absorbances at 570 nm and 630 nm were measured with a microplate reader (Bio-Rad).
Flow cytometry. Splenocytes from the immunized mice were cultured at 37°C for 6 h with 20 g/ml of synthetic peptide, with no peptide as the background control or with 100 ng/ml of phorbol myristate acetate (PMA) (Sigma, St. Louis, MO) and 1 g/ml of ionomycin (Sigma) as the positive control. For the last 4 h of culture, 10 g/ml of brefeldin A (BFA) (Sigma) was added to block the secretion of gamma interferon (IFN-␥). The cells were stained with peridinin-chlorophyll protein/cyanide 5.5 (PerCP/Cy5.5)-conjugated anti-CD3 (clone 145-2c11; BioLegend, San Diego, CA) and fluorescein isothiocyanate (FITC)-conjugated anti-CD8 (clone 53-6.7; BioLegend) monoclonal antibodies and then were fixed and permeabilized with Cytofix/Cytoperm (BD Biosciences, San Jose, CA). The permeabilized cells were incubated with phycoerythrin (PE)-conjugated anti-IFN-␥ (clone XMG1.2; BD Biosciences), washed, and resuspended in PBS. The samples were analyzed using a Beckman Coulter CyAn ADP flow cytometer (Beckman Coulter, Brea, CA) and Summit software.
ELISPOT assay. The BD enzyme-linked immunosorbent spot assay (ELISPOT) mouse IFN-␥ set was used to count peptide-specific T cells. The ELISPOT plates were coated overnight at 4°C with 5 g/ml of an anti-mouse IFN-␥ antibody. The antibody-coated plates were washed two times with sterile PBS and blocked with complete RPMI medium for 2 h at room temperature. After blocking, 100 l of splenocyte suspension (2 ϫ 10 6 cells/ml) containing different peptides (20 g/ml) was added to each well. A positive control (50 ng/ml of PMA [Sigma] and 500 ng/ml of ionomycin Sigma]) and a "no peptide" negative control were included in all assays. The plates were incubated for 18 h at 37°C/5% CO 2 . Following incubation, the wells were washed twice with deionized water and three times with washing buffer (PBS containing 0.05% Tween 20) . Biotinyl-ated anti-mouse IFN-␥ was added to each well at a concentration of 2 g/ml, and the plates were incubated for 2 h at room temperature. Following three washes, streptavidin-HRP was added to each well, and the plates were incubated for 1 h at room temperature. After four washes with washing buffer and two washes with PBS, the colorimetric reactions were developed using 3-amino-9-ethylcarbazole as a substrate. Upon visualization of the spots, the reaction was stopped by rinsing in tap water. The membranes were allowed to dry overnight in the dark, and the spots were counted with a BioReaderW 4000 Pro-X (Bio-Sys GmbH, Karben, Germany). The results were expressed as the number of spot-forming cells (SFCs)/2 ϫ 10 5 splenocytes. Anthrax LT challenge. Challenge with the anthrax LT was carried out on immunized male Fisher 344 (F344) rats by intravenous injection with 300 l of mixed rPA (20 g/rat) and rLF (5 g/rat). Survival was monitored for 48 h after challenge.
Statistical analysis. The data were calculated as the means Ϯ standard errors of the means (SEM). Statistical analysis was performed with twotailed unpaired t tests using Prism 5 (GraphPad Software). P values of Յ0.05 were considered statistically significant.
RESULTS
Humoral immune response of Ad5-PAopt-immunized BALB/c mice. PA has been the principal target for the development of anthrax vaccines (6) . Since PA is a prokaryotic antigen, codons of the PA gene sequence were optimized for human expression using the UpGene software. The pDC316 plasmid containing the wildtype PA gene (pDC316-PAwt) or codon-optimized PA gene (pDC316-PAopt) was transfected into 293 cells, and the expression level of PA with codon optimization was significantly increased at 48 h after transfection (Fig. 1A) . The in vitro PA expression of Ad5-PAopt also was examined by Western blotting of transduced 293 cells (Fig. 1B) .
Blood serum antigen-specific antibody and neutralizing antibody titers against anthrax PA after vaccination are the best correlates of protection against anthrax (6) (7) (8) . The humoral immune responses of the Ad5-PAopt-immunized mice were measured using a direct enzyme-linked immunosorbent assay (ELISA) and toxin-neutralizing assay (TNA) (Fig. 2) . It showed that intramuscular inoculation of Ad5-PAopt resulted in rapid and robust antibody responses. At a dose of 10 7 infectious units (IFU), a relatively high serum immunoglobulin G (IgG) response was detected 1 week after intramuscular injection, reaching the highest level at week 4, and was maintained for at least 6 months ( Fig. 2A) . The intranasally immunized mice produced a low IgG response at week 1, but the antibody levels continuously increased thereafter, peaking at a slightly higher level than the peak titer of the intramuscularly immunized mice. However, a significantly lower IgG response was observed in rPA immunized mice. The relative levels of IgM responses between the groups of mice were similar to those of IgG (Fig. 2B ). We next detected the subclasses of antigen-specific antibodies. The main antibody subclass of intranasally Ad5-PAopt-immunized mice and intramuscularly rPA-immunized mice was IgG1 (Fig. 2C ), while intramuscularly Ad5-PAopt-immunized mice produced higher IgG2a antibody titers (Fig. 2D) . These results indicate that intranasal inoculation with Ad5-PAopt stimulated a Th2-type immune response, which is similar to the response to the rPA vaccine, while the main immune response induced by intramuscular delivery was a Th1 type.
To determine the anti-PA neutralizing response (Fig. 2E ), mice intramuscularly inoculated with 10 7 IFU of Ad-PAopt achieved a high level of neutralizing antibodies at week 2, which is significantly higher than that in intranasally immunized mice. Although the peak IgG antibody level in the intranasally immunized mice was slightly higher than in those immunized intramuscularly, the latter group of mice generated higher neutralizing antibody titers. It is likely that the intramuscularly immunized mice produced different types of antibodies from the intranasally immunized mice. Furthermore, we detected dynamic changes in the neutralizing antibody levels over the course of 2 weeks (days 4, 6, 7, 8, 10, 12, and 14) after immunization (Fig. 2F) . The results showed that the neutralizing antibody titers reached a high level 10 days after intramuscular inoculation. Meanwhile, neutralizing antibody titers in the intranasally vaccinated mice developed slowly, with the titer far from the peak value of the intramuscularly inoculated group even at day 14 after immunization. To our surprise, neutralizing antibodies from the mice given intramuscular injections of rPA (5 g, which is one-tenth of the single dose used in humans) were not detected within the 2 weeks postvaccination. Taken together, the above results suggest that intramuscular inoculation with Ad5-PAopt can induce rapid and strong humoral immune responses.
Cellular immune responses to Ad5-PAopt. Ad vectors can strongly stimulate both humoral and cellular immune responses. Here, the cellular immune response induced by Ad5-PAopt was examined by first predicting the H2 d -specific cytotoxic T-lymphocyte (CTL) epitopes (for BALB/c mice) in PA using computerassisted algorithms (18) . The top-ranking peptides were selected and synthesized for further evaluation (Table 1) and of the four predicted peptides, only NA-9 specifically stimulated a gamma interferon (IFN-␥) response by flow cytometry analysis (Fig. 3A) . The purified PA showed a low IFN-␥ response, with no significant difference compared with that of the nonstimulated cells. Further intracellular IFN-␥ staining confirmed that immunization with Ad5-PAopt was sufficient to stimulate a strong CD8 ϩ T-cell response against NA-9, whereas control Ad5-EGFP did not elicit this response (Fig. 3B and C) . Thus, NA-9 represents the first H2 d -restricted CTL epitope described in anthrax PA. The cellular immune response in mice after intramuscular vaccination with Ad5-PAopt (10 7 IFU per mouse) was measured by intracellular cytokine staining and the IFN-␥ enzyme-linked immunosorbent spot assay (ELISPOT) (Fig. 4) . At 2 weeks after immunization, splenocytes from Ad5-PAopt-immunized mice produced high levels of IFN-␥ (Fig. 4A ) and tumor necrosis factor (TNF) (Fig. 4B) after restimulation with NA-9 peptide in vitro, while those from Ad5-EGFP and rPA-immunized mice did not. In fact, the secretion of IFN-␥ and TNF in the splenocytes from rPAimmunized mice also was not detected after in vitro rPA restimu- lation (data not shown). At the same time, ELISPOT assays were performed 10 and 25 weeks after intramuscular immunization (Fig. 4C) . The analysis showed that the cellular immune response slightly decreased with the passage of time, yet it was maintained at a high level even at week 25. These results suggest that intramuscular inoculation with Ad5-PAopt can induce a strong and sustained PA-specific CD8 CTL immune response.
Immunogenicity of Ad5-PAopt in the presence of PEI to Ad5 vector. For Ad5-based vaccines, PEI to the vector is an issue of concern (19) . In order to analyze the immunogenicity of Ad5-PAopt in the presence of PEI to the Ad5 vector, BALB/c mice were intramuscularly or intranasally inoculated without (controls) or with 10 10 viral particles of Ad5-EGFP and maintained for 10 weeks. Thereafter, the mice were vaccinated with 10 7 IFU of Ad5-PAopt via the intramuscular or intranasal route. The humoral immune response was detected at various times by ELISA and TNA (Fig. 5) .
Similar to the humoral immune response to Ad5-PAopt, the Ad5 binding antibody and neutralizing antibody titers peaked at week 10 after Ad5-EGFP immunization and had already entered the stabilization period (data not shown). For intranasal Ad5-PAopt-immunization (Fig. 5, right panels) , the induction of PEI via intramuscular inoculation (i.m.-PEI) did not affect the im- (Fig. 5, left panels) , the i.m.-PEI significantly affected the immune response, with signifi- cantly lower IgG, IgM, IgG1, IgG2a, and toxin-neutralizing antibody levels than those in naive mice. However, the i.n.-PEI only partially affected the immune responses of intramuscular Ad5-PAopt-immunized mice. Although the total antibody and toxinneutralizing antibody titers of the i.n.-PEI and intramuscular Ad5-PAopt-immunized mice were slightly lower than those of naive mice, they were significantly higher than those from intramuscular Ad5-PAopt-immunized mice in the presence of i.m.-PEI. As Ad usually infects via the mucosal system, i.n.-PEI simulated natural infection better than i.m.-PEI. These results largely indicate that intramuscular vaccination with an Ad5-vectored vaccine will still induce a relatively high antigen-specific immune response given a prior natural infection of Ad5.
Comparing the humoral responses induced by intramuscular and intranasal vaccination with or without PEI (Fig. 5) , we found that the naive mice and i.n.-PEI mice generated rapid immune responses to intramuscular vaccination, with high IgG and IgM antibody levels at 1 week after inoculation, which then peaked at week 2. However, the total antibody and toxin-neutralizing antibody levels increased slowly in intranasally inoculated mice but ultimately exceeded those of the intramuscularly immunized mice. These results indicate that intramuscular injection can induce rapid immune responses, while intranasal vaccination can obtain higher antibody titers.
We next evaluated the cellular immune responses in intramuscularly vaccinated mice and collected lung lavage fluid samples from intranasally vaccinated mice to detect IgA, IgG, and toxinneutralizing antibodies (Fig. 6) . The results showed that the cellular immune responses of mice with i.m.-PEI were significantly lower than those of mice without PEI or with i.n.-PEI (Fig. 6A) ; however, i.n.-PEI did not affect the cellular immune responses of the intramuscularly vaccinated mice. The IgA, IgG, and toxinneutralizing antibody levels from lung lavage fluid samples of mice with i.n.-PEI were significantly lower than those in mice without PEI (Fig. 6B to D ). This finding indicated that i.n.-PEI did affect the antibody titer in the lung lavage fluid but not in serum of those intranasally vaccinated mice. In summary, i.m.-PEI affects subsequent intramuscular immune responses to intramuscular but not intranasal vaccination. However, intramuscular vaccination with Ad5-PAopt followed by i.n.-PEI can also induce robust humoral and cellular immune responses.
Anthrax LT challenge. To determine if the immune response generated against PA was sufficient for providing protection against lethal toxin in vivo, Fisher 344 rats were selected for anthrax LT challenge. Groups of rats were intramuscularly injected with 10 8 or 10 7 IFU of Ad5-PAopt or with 10 g of rPA as a control. Seven days later, those rats were intravenously challenged with 20 g of rPA and 5 g of rLF (equivalent to 10 times the LD 50 ) and monitored for survival over 48 h (Fig. 7A) . All rats that were immunized with 10 8 IFU of Ad5-PAopt survived after challenge, while all rats that were vaccinated with rPA succumbed within 1 h. Additionally, of the six rats that were immunized with 10 7 IFU of Ad5-PAopt, only one survived after challenge, while the other five rats were observed to have a significant delay until death. Surprisingly, all of the rats immunized with 10 8 IFU of Ad5-PAopt died within 1 h after LT challenge on day 6 after intramuscular inoculation. By observing the dynamics of toxin-neutralizing antibodies within 14 days postvaccination (Fig. 7D) , we saw that on day 5 after 10 8 IFU of Ad5-PAopt intramuscular injection, only a small proportion of the naive rats were detected with a very low level of anti-anthrax toxin-neutralizing antibody; however, the neutralizing antibody developed rapidly on day 6 and reached a relatively high level on day 7. Those results largely indicate that 10 8 IFU of Ad5-PAopt intramuscular vaccination can provide protection from LT challenge as early as day 7 postimmunization.
In order to assess the immunogenicity of Ad5-PAopt in the presence of PEI to Ad5, groups of F344 male rats were intranasally inoculated with 10 8 IFU of Ad5-EGFP and screened after 4 weeks to allow for the induction of sufficient antigen-specific and neutralizing antibodies to Ad5. Those rats with positive Ad5-neutralizing antibodies were then injected with 10 8 IFU of Ad5-PAopt and challenged with anthrax LT on days 7, 12, and 15 (Fig. 7B) . The results showed that 100% protection was achieved on day 15 (Ͼ80% on day 12), while a single injection with rPA vaccine achieved low protective efficacy on day 15, demonstrating that a single intramuscular immunization with Ad5-PAopt can still provide rapid and high-level protection in the presence of Ad5 PEI.
For the intranasal route (Fig. 7C) , vaccination with 10 8 IFU of Ad5-PAopt did not achieve 100% protection on day 15 in Ad5-naive rats. Meanwhile, in the presence of i.n.-PEI to Ad5, the protective efficacy decreased, with all rats succumbing to infection within 2 h to 12 days after vaccination and only 33.3% of rats surviving on day 15. These results illustrate that intranasal immunization induces a much slower immune response than intramuscular vaccination. Similarly, a single injection with the rPA vaccine showed poor protective efficacy on day 15 and even on day 20 after immunization. The dynamic changes of toxin-neutralizing antibodies within 14 days in the PEIinduced rats (Fig. 7D ) also supported this conclusion. These results indicate that compared to the intranasal immunity generated with Ad5-PAopt and intramuscular injection with rPA, intramuscular vaccination with Ad5-PAopt can induce rapid and robust immune responses to protect the rats from LT challenge. Even in the presence of i.n.-PEI to Ad5, this immune model may still be advantageous and able to generate rapid protection.
DISCUSSION
Developing an anthrax vaccine that can induce rapid and sustained protective immunity is critically needed, since B. anthracis continues to present a major threat as a potential biological weapon. Although the effectiveness of the protein-based first-and second-generation anthrax vaccines has been verified, they are still not ideal due to the requirement of multiple inoculations to reach an effective level of protection. Ad have been widely studied as vaccine vectors due to their ability to induce rapid and robust T-cell and antibody responses in species ranging from mice to humans. Here, we developed an Ad5-based vaccine for B. anthracis and showed that a single intramuscular injection of Ad5-PAopt protected rats from LT challenge 7 days after immunization. This protective efficacy is also achieved within 15 days in the presence of intranasally induced PEI to Ad5, which is significantly better than that with a single intramuscular injection with rPA or a single intranasal inoculation with Ad5-PAopt.
Previous studies have suggested that the PA-neutralizing humoral response is well-correlated with protective immunity (20) . Here, a single inoculation of Ad5-PAopt resulted in robust and sustained anti-PA serum antibody and neutralizing antibody responses. Compared to intranasal inoculation, intramuscular vaccination with Ad5-PAopt more rapidly induced antibody production, with the neutralizing antibody level reaching a high level 10 days after immunization. However, anti-PA neutralizing antibodies were not detected in mice within 2 weeks of receiving a single intramuscular injection of 5 g of rPA. In fact, the rPA vaccine requires at least two injections to reach high antibody levels, with the peak antibody level occurring 2 weeks after the second injection (21) . Thus, the Ad5-based vaccine can induce a high level of anti-anthrax toxin antibodies in a relative short time, supporting the feasibility of its use in emergency situations.
The role of cell-mediated immunity in providing protection against anthrax is unclear. Here, we found that a single intramuscular injection of Ad5-PAopt induced a robust and sustained CD8 CTL immune response, while mice immunized with the rPA vaccine did not have this response. Those data correlate well with the induced antibody subtypes, indicating that the intramuscular injection of Ad5-PAopt stimulated a Th1-type immune response and rPA immunization stimulated the Th2-type response. The intranasal Ad5-PAopt-immunized mice generated a robust IgG1 immune response but only a moderate IgG2a immune response; furthermore, this vaccination model induced significantly slower immune responses than with intramuscular injection. It seemed that the rapidly generated humoral immune response in intramuscular Ad5-PAopt-immunized mice may partly be attributed to its robust cellular immune response.
The potential preexisting anti-vector immunity must be considered in developing Ad5-based vaccines. Several strategies have been developed to overcome the effects of preexisting Ad immunity and improve the efficacy of Ad-based vaccines (22) (23) (24) (25) . Alternative inoculation modes, such as intranasal and oral vaccinations, have shown good immune effects in the presence of PEI (26, 27) . Here, we also found that the intranasal inoculation of Ad5-PAopt bypassed the anti-Ad5 PEI initiated not only from the intramuscular route but also from the intranasal route, although the intranasally induced PEI to Ad slightly affected the response to subsequent intranasal vaccination. However, intranasal vaccination with Ad5-PAopt resulted in slower immune responses, and it did not achieve full protection 15 days after a single dose, even in the naive rats. Although i.m.-PEI significantly affected the intramuscular vaccination that followed, i.n.-PEI only slightly affected this inoculation method. Furthermore, the intramuscular Ad5-PAopt vaccination induced rapid and robust humoral and cellular immune responses. In the presence of i.n.-PEI, a single intramuscular injection with Ad5-PAopt provided full protection from LT challenge 15 days after vaccination. Natural Ad5 infection occurs via the nasopharynx or gut and replicates in epithelial cells of mucosal tissues, thereby inducing mucosal immunity (28) . The results here suggest that intramuscular injection of the Ad-based vaccine can still induce a good immune response in individuals with a prior natural infection of Ad5.
Compared with the rPA aluminum adjuvanted vaccine, Adbased vaccines can achieve rapid immune responses after a single inoculation. To our surprise, the immunization of rats with the Ad5-based vaccine achieved protection from LT challenge with a relatively lower level of neutralizing antibodies than that for the rPA immunized rats (data not shown). It may be that the Ad5-PAopt-and rPA-immunized rats produced different subtypes of antibodies or that the cellular immune response in the Ad5-PAopt-immunized rats contributed to the protection. Studies from our group and others have demonstrated that intranasal vaccination with Ad5-based vaccines can bypass PEI (27, 29) . There, we observed that compared to intranasal immunization, even in the presence of intranasal anti-Ad5 PEI, the intramuscular injection induced effective immune responses to protect rats from anthrax LT challenge in a relatively short time. Perhaps, antigenspecific T cells induced by intramuscular inoculation of the Ad5-based vaccine stimulated B cells and promoted those subjects to produce antibodies more rapidly. The results there show that the protective efficacy in the Ad5-primed Ad5-PAopt intramuscularly boosted rats was better than that in naive Ad5-PAopt intranasally vaccinated subjects within 15 days after vaccination, demonstrating again that intramuscular injection with Ad5-PAopt is more suitable for emergency use than the rPA vaccine.
There are several anthrax vaccine candidates based on Ad vectors that have been reported. Tan et al. (30) first developed an adenovirus-based vaccine encoding humanized PA and evaluated the efficiency of this vaccine in a mouse model; the LT challenge showed that 72% of the mice survived 27 days after vaccination and 27% survived on day 11. Next, a nonhuman primate adenovirus, AdC7, was used as the vaccine vector in order to overcome the preexisting neutralizing antibodies against Ad5 in humans (31). After that, the Ad vector expressing the B. anthracis PA domain 4 was developed for security reasons (32) , and the primeboost vaccination strategy was also studied (33) . Recently, Zhang et al. (34) proved that an adenovirus-vectored nasal vaccine conferred rapid and sustained protection against anthrax in a singledose regimen. However, intramuscular inoculation with Ad5-PAopt in our work induced a faster immune response than intranasal route did in Zhang's work, even in the presence of PEI.
In summary, the results presented here demonstrate that the Ad5-based vector expressing humanized anthrax PA can induce rapid and robust humoral and cellular immune responses after a single intramuscular inoculation. Moreover, this vaccination model can achieve good immune responses to protect intranasal Ad5-primed rats from lethal anthrax LT challenge within 15 days at a significantly better level than with a single intramuscular rPA injection or intranasal Ad5-PAopt inoculation. Of note, the H2 d -specific CTL epitope in PA discovered here will facilitate the detection of the cellular immune responses to anthrax vaccines in future studies. Thus, intramuscular vaccination with Ad5-PAopt may provide a rapid and efficient method for counteracting emerging anthrax.
